Dementia is a major cause of morbidity in the western society. Pharmacological therapies to delay the progression of cognitive impairments are modestly successful. Consequently, new therapies are urgently required to improve cognitive deficits associated with dementia. We evaluated the effects of physical and cognitive activity on learning and memory in a rat model of vascular dementia (VasD). Male Sprague-Dawley rats (6 months old) were exposed to either regular chow or a diet rich in saturated fats and sucrose and chronic bilateral common carotid artery occlusion or sham surgery. First, this model of VasD was validated using a 2 Â 2 experimental design (surgery Â diet) and standard cognitive outcomes. Next, using identical surgical procedures, we exposed animals to a paradigm of cognitive rehabilitation or a sedentary condition. At 16 weeks post surgery, VasD animals demonstrated significant learning and memory deficits in the Morris water maze, independent of diet. Rehabilitation significantly attenuated these cognitive deficits at this time point as well as at 24 weeks. Further, rehabilitation normalized hippocampal CA1 soma size (area and volume) to that of control animals, independent of cell number. Importantly, these findings demonstrate beneficial neuroplasticity in early middle-aged rats that promoted cognitive recovery, an area rarely explored in preclinical studies.
INTRODUCTION
Cognitive dysfunction as a result of Alzheimer's disease or vascular dementia (VasD) is a major contributor to morbidity in Western society. 1, 2 Although the underlying etiology of dementia is likely multifactorial, dysfunction of the cerebrovasculature is undoubtedly a contributing factor, especially with respect to VasD. To date, pharmacological and immunologic interventions have met with limited success in reducing mild cognitive impairments and dementia in patient populations. 3 More promising, however, is the theory that physical exercise, 4 cognitive activity, 5 or a combination of both, improves cognition and may potentially delay the progression of mild cognitive impairments. 6 In a prospective study of cognitively normal participants, baseline physical activity was associated with lower rates of dementia at 5 years, and there was a negative correlation between the intensity of exercise and cognitive decline. 7 Furthermore, participants who completed the lowest levels of exercise were more likely to have co-morbid conditions and experienced higher rates of attrition. This is further supported by complementary studies and meta-analyses demonstrating cognitive benefits associated with physical exercise. 4, 8 With respect to cognitive activity, however, improvements in cognition have been demonstrated with increases in the number of cognitive activities (e.g., cards, board games, reading, and so on) rather than intensity (the total time spent engaged in cognitive integration and activities). 5 Although the above findings were demonstrated in cognitively intact post-menopausal women, it appears that they also extend to individuals at risk for developing cognitive impairment. The Bronx Aging Study of atrisk individuals demonstrated that cognitive, but not physical, activity decreased the likelihood of developing vascular cognitive impairment. 9 With respect to VasD, age is thought to be one of the most important risk factors associated with endothelial and, subsequently, vascular disruption. 3 However, other modifiable lifestyle choices may significantly influence vascular health as well. For example, high-fat diets accelerate vascular senescence 10 and exacerbate ischemic stroke damage when exposure extends from the early post-weaning period. 11 Preclinical studies often overlook the importance of modeling co-morbid conditions (e.g., old age, unhealthy diet) when assessing intervention efficacy 12 and this failure to reflect key aspects of the clinical setting undoubtedly contributes to the so-called translational roadblock.
The model of VasD employed in the current study is a commonly used model that induces chronic cerebral hypoperfusion. 14 Initially cerebral blood flow is dramatically reduced, but returns to near normal levels over several months. 15 Changes in blood-brain barrier permeability, 16 neuroinflammatory sequelae, 17 neuronal physiology, 18 white matter, 19 and learning and memory abilities 20 also accompany hypoperfusion. These changes, taken together, are thought to model several of the underlying neuropathological perturbations observed in clinical VasD. 21 Although there is a growing understanding and acceptance of the positive effects of physical and cognitive activity on brain health, traditional preclinical studies using relevant brain injury animal models have focused primarily on pharmacological interventions. 22 Fortunately, experimental studies have recently emphasized the importance of more global treatments on recovery of function after brain injury. 23 This has increased our understanding of the mechanisms underlying neuronal plasticity and recovery of function after neuronal damage. 24 The present study expands on this literature in several ways: first, we developed and validated an animal model of VasD that incorporates novel co-morbid conditions (diet and age) that are not commonly used in preclinical stroke research. Second, we tested a cognitive rehabilitation paradigm previously shown to be effective in young, intact animals. 25 Notably, the findings reported herein demonstrate that a combination of physical and cognitive activity in early middle-aged animals with cognitive impairment improves learning and memory abilities and restores hippocampal cell morphology to control levels.
MATERIALS AND METHODS Subjects
Forty-five male Sprague-Dawley rats (Vivarium, St. John's, Newfoundland and Labrador, Canada) were used in this study. Animals B6 months of age (B710 g) on arrival, were placed on 12:12 hour light to dark cycles with lights on at 0600 hours and food and water provided ad libitum. Animals were housed in pairs in standardized cages, unless otherwise indicated. All procedures were approved by the Memorial University of Newfoundland Animal Care Committee and conformed to the Canadian Council on Animal Care guidelines.
Experimental Conditions
Animal pairs were pseudorandomized into one of five conditions: Shamcontrol diet (n ¼ 6); hypoperfusion (2-vessel occlusion; 2-VO)-control diet (n ¼ 12); Sham-high-fat, high-sugar diet (HFS; n ¼ 6); 2-VO-HFS diet (n ¼ 10); and 2-VO þ physical and cognitive (PA/CA) activity-control diet (n ¼ 11). The 2-VO þ PA/CA animals were individually given 24-hour access to voluntary wheel running (physical activity; 36 cm diameter wheels) on alternate days (3 day/week) combined with 24 hour exposure to modified Hebb-Williams mazes (100 Â 100 Â 20 cm 3 ) 26 on alternate days with a cagemate present (3 days/week). The Hebb-Williams maze configuration was changed weekly so as to increase novelty. Additionally, novel objects and food rewards were scattered throughout the maze and the water bottle and food hopper were separated to encourage exploration. PA/CA animals were housed in these conditions throughout the study except during behavioral testing and exposure was initiated after surgery.
Experimental Diet
Animals were acclimated to the animal care facility for 1 week before condition assignment. After this acclimation period, animals were pseudorandomized into one of two diet conditions: control or HFS. The HFS diet (high-fat/high-sucrose purified diet meal, TestDiet, 57NZ, Richmond, IN, USA) consisted primarily of protein (21% of energy (kcal)), fat (39%; lard) and carbohydrates (40%; 45% refined sugar (sucrose), and 3% fiber). Control diet consisted of standardized rat chow provided by Memorial University. High-fat and -sugar diet exposure was initiated, ad libitum, after surgical procedures, before which all animals were administered standard laboratory chow ad libitum.
Surgery
Animals underwent either bilateral common carotid artery occlusion (cerebral hypoperfusion; 2-VO) or sham surgery under isoflurane (4% induction; 2.5% maintenance; CDMV Canada, St. Hyacinthe, Quebec, Canada) anesthesia in a 70/30% nitrous oxide/oxygen mixture as previously described. 20 After anesthesia and under asepetic surgical techniques, a midline neck incision was made and both the left and right common carotid arteries were carefully isolated from surrounding muscle and adjacent nerve bundles. Each artery was doubly ligated (2-VO) with 4-0 silk sutures, checked for lack of patency and returned to the neck cavity. Sham surgery consisted of similar procedures including neck incision and isolation of arteries without ligation. Animals received topical 2% Xylocaine (AstraZeneca, Mississauga, Ontario, Canada) on the midline neck incision and were placed in a standard cage on a heating blanket until recovered from surgery.
Behavioral Assessments
A timeline for all behavioral assessments is shown in Figure 1 .
Morris Water Maze
Morris water maze (MWM) testing occurred at 4, 8, 16 , and 24 weeks post surgery. 27 The maze consisted of a black pool (180 cm diameter) filled with water (B50 cm depth; B22 1C). A circular platform (20 cm diameter) was submerged B2.5 cm below the water surface and placed 25 to 30 cm from the edge of wall within a quadrant, chosen at random. In an effort to avoid reliance on visual spatial abilities due to possible optic tract dysfunction sometimes observed with this model, 19 we attempted to use an auditory spatial paradigm of the MWM. The first two MWM sessions consisted of this paradigm (4 and 8 weeks post surgery; see below) and the remaining two sessions consisted of a more conventional multimodal maze (16 and 24 weeks post surgery). 27 During the auditory maze testing, a curtain surrounded the maze to remove distal room cues and an automated 'inhouse' computerized program emitted sounds at a frequency of 7,000, 8,000, 9,000 and 10,000 Hz from speakers, arranged on the maze frame, centered in each quadrant. Each tone was played for 3 seconds with a 1-second interval between sounds. The tones were presented in a randomized block order so that each speaker was activated in a block of four but the order within each block was pseudorandomized. The multimodal maze configuration used at 16 and 24 weeks post surgery consisted of spatial, olfactory, and auditory domains. The curtain was removed and the room cues displayed (e.g., computer, bookshelves, shapes), with a radio emitting white noise (auditory) in one corner of the room and a scented marker (olfactory) placed within one quadrant. All maze cues remained constant throughout each test session and subsequent probe trials (i.e., week 16; see below), but were rearranged between sessions. Similarly, platform locations remained constant within each test session, but were changed between sessions.
A similar protocol was used for each test session where animals were tested for four trials/day over 4 days (acquisition), with the exception of Trial 1, Day 1 (week 4). Before initiating this trial, each animal was placed on the platform for 20 seconds to orient the animal to the escape platform location. Each subsequent trial lasted a maximum of 90 seconds (unable to locate platform) or until animals located the hidden platform. Following the location of the platform, animals remained there for an additional 10 seconds and were then placed in a holding cage for a further 60 seconds, when each animal was returned to the maze for the next trial. Animals were placed into the maze facing the wall of the pool and quadrant On the day after acquisition trials, animals were assessed in a probe trial where the platform was removed from the maze. Animals were placed into the pool, directly opposite the platform location facing the wall, and were allowed 60 seconds to freely swim. The dependent measure for probe tests included the total amount of time spent in the target quadrant.
To rule out visual deficits potentially caused by chronic carotid occlusion, 19 we assessed animals' visual abilities using a visible platform paradigm after the probe trial (day 5) at post-surgery week 24 (PSW 24). Briefly, the platform was elevated (B2 cm) above the surface of the water and brightly colored tape surrounded the edge of the platform to increase visibility.
Open Field
At 1 week after the MWM probe session at weeks 17 and 25 post surgery, animals were placed into an open-field chamber (72 Â 76 Â 57 cm) in a soundproof room for 5 minutes and videotaped from above. 28 The dependent measure was the number of grid crosses using a 3 Â 3 grid (24 Â 25 cm).
Object Recognition
Object recognition testing occurred 1 week after each open-field test session (i.e., weeks 18 and 26 post surgery) using the same chamber located in the soundproof room. 29 Rats received three 5-minute trials, each separated by 7 minutes and returned to the home cage between trials. The rat was placed in the chamber with two identical objects, one in the 'upper-left' and the other in the 'upper-right' quadrant. Next, the rat was returned to the chamber with the two identical objects, but the 'upperright' object was relocated to the 'lower-right' quadrant. Finally, during the last test trial, the rat was returned to the chamber with a novel object replacing the original 'upper-left' object, whereas the 'lower-right' object remained in the same location. Each session was videotaped from above and the dependent measure included time spent investigating an object. The rat was considered to be investigating an object when it was actively sniffing the object or if the nose was within B2 cm of the object (touching the object with its vibrissae).
Hippocampal CA1 Cell Quantification
After completion of the behavioral assessments, animals were deeply anesthetized with 4.0% isoflurane in a 30/70% O 2 /N 2 O mixture and transcardially perfused with ice-cold 0.9% heparinized saline and 4.0% paraformaldehyde. Animals were decapitated, brains were removed and stored overnight at 4 1C in 4.0% paraformaldehyde. Brains were then transferred to 20% sucrose in 1 Â phosphate-buffered saline solution and stored at 4 1C until saturated, then frozen and stored at À 20 1C until further processing.
Coronal slices were cut at 40 mm using a cryostat and slide-mounted for cresyl violet staining. Unbiased stereological procedures were used to estimate dorsal hippocampal CA1 pyramidal cell number and size using a Leica DMRXE microscope (Leica Microsystems Inc, Richmond Hill, ON, Canada) and the Optical Fractionator method of Stereo Investigator (MBF Bioscience, Williston, VT, USA). A three-dimensional optical dissector counting frame (x, y, and z dimensions of 35 Â 35 Â 17 mm, respectively) was applied to systematic random sample sites resulting in an average of 15 to 20 sampling sites superimposed on the circumscribed area of dorsal CA1. 30 CA1 cell counts were conducted between coronal planes À 2.30 mm and À 4.52 mm relative to bregma 31 corresponding to the rostral and caudal dorsal hippocampus, respectively. The dorsal CA1 region was outlined using a Â 5 objective and this allowed for the generation of sampling sites using the optical fractionator method (300 mm in the x direction and 100 mm in the y direction). Seven equally spaced sections were analyzed in each brain and only the left hippocampus was analyzed because there were no anticipated asymmetric differences. A border guard of 2 mm was set at the top and bottom of each section and CA1 cell number and size (calculated using the nucleator method of Stereo Investigator) estimates were calculated using a Â 40 objective and the serial section manager method of Stereo Investigator. On average, B480 cells were counted/brain with a coefficient of error of 0.09.
Statistical Analyses
All data were analyzed using the Statistical Package for Social Sciences (IBM SPSS Statistics; v 19.0.0, Armonk, NY, USA). Assessments of functional deficits after 2-VO were analyzed with a 2 Â 2 (diet Â surgery) analysis of variance (ANOVA), with or without repeated measures where appropriate. Similarly, histologic data were analyzed with a 2 Â 2 ANOVA or independent t-tests with Bonferroni correction. After these analyses, the effects of rehabilitation on functional recovery and CA1 cell number and size were analyzed using either a one-way ANOVA with or without repeated measures where appropriate or an independent t-test. Performance in the novel object test was analyzed with a 2 Â 2 ANOVA as well as a paired t-test to assess exploratory behavior. In cases where the homogeneity of variance or sphericity assumptions were violated, the Brown-Forsythe or Huynh-Feldt correction was used, respectively. All data were analyzed by an experimenter masked to experimental conditions. Statistical significance was considered at Pr0.05.
RESULTS

Experiment 1: Effects of 2-VO Surgery and Dietary Manipulation
Two animals were removed from the analysis because their calculated means for histologic assessments were 45 s.d. from the group's mean (2-VO). Additionally, one animal died before completion of functional assessments (2-VO). Animals' weights are displayed in Table 1 .
Visible platform. To exclude the possibility of visual deficits after 2-VO, 19 1 day after the probe test at week 24, animals were assessed in a visible platform paradigm. A 2 Â 2 ANOVA showed that there was no difference among conditions and no interactions (P40.05) indicating similar visual abilities among animals. .01, PSW 4 and 8, respectively) indicating that animals learned the platform location during each test, but no effect of surgery or diet and no significant interactions (P40.05; Table 2 ). Further, there were no differences among groups during the 24-hour probe trials with respect to the amount of time spent in the platform quadrant (P40.05; Table 2 ).
Post-surgery week 16. During the PSW 16 MWM assessment, the protocol was changed from an auditory maze to a multimodal maze with distal visual spatial, auditory, and olfactory cues. (14) 678 (25) 705 (28) 735 (34) 737 (35) Pre, Pre-surgery; C, Control diet; HFS, high-fat, high-sugar diet; 2-VO, 2-vessel occlusion; PA/CA, physical activity combined with cognitive activity. *Po0.03 vs control diet.
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Repeated measures ANOVA revealed a significant effect of time (F 3,84 ¼ 4.540, Po0.01) and a significant effect of surgery (F 1,28 ¼ 6.316, Po0.02; Figure 2A ), but no effect of diet and no interactions (P40.05). Post-hoc analyses showed that animals exposed to the 2-VO surgery required significantly more time to locate the hidden platform than sham animals, regardless of dietary consumption. Visual inspection of Figure 2 reveals a similar learning curve between conditions. Further stratification of the data to assess potential differences in learning within each day, especially Day 1, showed that there was no effect of trial, surgery or diet and no significant interactions among the variables. Assessment of the amount of time spent in the target quadrant during the 24-hour probe test using a 2 Â 2 univariate ANOVA demonstrated a significant effect of surgery (F 1,28 ¼ 4.324, Po0.05), but no effect of diet and no interaction (P40.05). Animals exposed to the sham surgery spent significantly more time in the target quadrant during the probe test than animals exposed to the 2-VO surgery ( Figure 2B ).
Post-surgery week 24. At PSW 24, animals were assessed in a similar MWM paradigm as PSW 16. A 2 Â 2 ANOVA with repeated measures at this time point showed that there was a significant effect of time (F 2.253,58.576 ¼ 5.950, Po0.01) but no effect of surgery or diet and no significant interactions (P40.05; Table 2 ). Similarly, there were no differences among conditions with respect to the amount of time spent in the target quadrant during the probe assessment (P40.05; Table 2 ).
Open Field. Assessment of the number of squares crossed during a 5-minute trial at weeks 17 and 25 revealed no effect of time, surgery or diet (P40.05) and no significant interactions (P40.05).
Novel object recognition. A paired t-test of the amount of time spent exploring objects during Trial 1 at both 18 and 26 weeks showed that animals spent similar amounts of time with each object (P40.05). During Trial 2 (change in object location) of each test period (i.e., week 18 and 26), paired t-tests showed that animals spent either similar (week 18) or significantly less (week 26) time exploring the object in the new location (i.e., 'lower right'; P40.05 and t 28 ¼ 3.052, Po0.01, respectively). Similar analyses of Trial 3 data (novel object) however, demonstrated that animals spent significantly more time exploring the novel object compared with the object located in the lower-right quadrant at each time point of 18 and 26 weeks (t 29 ¼ 3.520, Po0.01 and t 28 ¼ 5.247, Po0.01, respectively).
A 2 Â 2 ANOVA of the time spent exploring the 'lower-right' object (Trial 2) revealed no effect of surgery or diet (P40.05) and no significant interactions (P40.05). Similarly, there were no differences among conditions with respect to the time exploring the novel object during Trial 3 (P40.05).
Hippocampal CA1 quantification. A 2Â 2 ANOVA of hippocampal CA1 cell numbers revealed that there was no effect of surgery or diet and no significant interaction (P40.05). There was however, a significant effect of surgery on soma area (F 1,7 ¼ 6.767, Po0.04) but no effect of diet and no interaction. Similarly, there was a significant effect of surgery on soma volume (F 1,7 ¼ 7.034, Po0.04) but no effect of diet and no interaction. In both instances, 2-VO animals had significantly larger CA1 somas than Sham animals with respect to area and cell volume (Po0.04; Table 3 ).
Experiment 2: Effects of Rehabilitation on 2-VO Outcomes
The effects of rehabilitation (physical and cognitive activity) on functional deficits and hippocampal CA1 changes were assessed by comparing animals (2-VO vs 2-VO þ PA/CA) in the MWM, open field and novel object tests. Because there was no effect of diet in Experiment 1, data were collapsed across diet to assess rehabilitation efficacy after 2-VO. (6) 21 (10) 9 (4) 10 (3) 21 (4) C-2-VO 25 (9) 24 (6) 21 (7) 21 (8) 20 (2) HFS-Sham 17 (4) 10 (2) 10 (4) 6 (1) 25 (2) HFS-2-VO 30 (7) 20 (6) 22 (7) 19 (5) 20 (1) PA/CA 10 (2) 10 (2) 9 (2) 7 (1) 21 (2) Probe, Average time in target quadrant; C, Control diet; HFS, high-fat, highsugar diet; 2-VO, 2-vessel occlusion; PA/CA, Physical activity combined with cognitive activity. showed that animals exposed to rehabilitation reached the platform in significantly less time than 2-VO-alone animals ( Figure 3A ). Further stratification of the data to assess acquisition curves within Day 1 failed to demonstrate a significant effect of Trial or Rehabilitation and no significant interaction between the independent variables. In the probe trial, the effect observed during acquisition also held true where 2-VO þ PA/CA animals spent significantly more time in the target quadrant than their 2-VO-only counterparts (t 29 ¼ 3.497, Po0.01) ( Figure 3B ).
Post-surgery week 24. Repeated measures ANOVA showed that there was no effect of time but a significant effect of condition (F 1,21.956 ¼ 9.788, Po0.01) and no interaction during the acquisition trials (P40.05). PA/CA animals had significantly lower latencies, indicating improved performance during the acquisition trials (Po0.01; Figure 3C ). Independent t-tests revealed that there were no differences between conditions with respect to the amount of time spent in the target quadrant tested 24 hours after the last acquisition trial ( Figure 3D ).
Open field. Assessment of the number of square crosses in the open field revealed no effect of time, condition, and no significant interaction (P40.05).
Object recognition. A paired t-test of the amount of time spent exploring objects during Trial 1 at both 18 and 26 weeks showed that animals spent similar amounts of time with each object (P40.05). During Trial 2 (change in object location) of each test period (i.e., week 18 and 26), a paired t-test revealed that there was no difference in the amount of time exploring the object in the new location at either testing period (P40.05; two-tailed) but there was a significant difference in the amount of time exploring the new object during Trial 3 at both 18 (t 27 ¼ 5.215, Po0.01) and 26 weeks post surgery (t 26 ¼ 4.973, Po0.01) where all animals were more likely to explore the new object. Independent t-tests with Bonferroni correction were then used to assess possible effects of rehabilitation on novel object location and recognition. There was no difference between conditions with respect to the amount of time spent exploring the novel location at either 18 or 26 weeks post surgery (P40.05). Similarly, there were no differences between conditions with respect to the amount of time spent exploring the novel object at either 18 or 26 weeks post surgery.
Hippocampal CA1 cell quantification. Independent t-tests (twotailed) with Bonferroni corrections showed that there were similar numbers of CA1 cells between animals in the 2-VO and PA/CA þ 2-VO conditions. Interestingly, however, as with the analyses between 2-VO and Sham animals in Experiment 1, there was a significant difference between the 2-VO and PA/CA þ 2-VO animals in Experiment 2 with respect to cell body size. Animals in the rehabilitation condition had significantly smaller hippocampal CA1 cells with respect to soma area (t 12 ¼ 4.522, Po0.01) and volume (t 12 ¼ 4.479, Po0.01; Table 3 ), comparable to the sham animals in Experiment 1 (ad hoc comparison, P40.05).
DISCUSSION
The purposes of this study were to validate a model of VasD that incorporated co-morbid conditions and to assess the efficacy of a rehabilitation paradigm that utilizes both physical and cognitive activity 25 in ameliorating memory deficits in this model. Importantly, we demonstrated significant learning and memory deficits in the MWM (Experiment 1) using a bilateral carotid artery occlusion model of VasD with mid-early old-age animals, 19 ,20 thus validating our co-morbid VasD model with other laboratories using younger, healthy animals. 32, 33 Next, we implemented a rehabilitative therapy (Experiment 2) that included alternating days of physical exercise (voluntary wheel running) and cognitive activity (modified Hebb-Williams maze exposure). At both 16 and 24 weeks post surgery, we observed marked improvements in both learning (acquisition) and memory abilities in animals exposed to the rehabilitative paradigm compared with sedentary controls. Further, the hypertrophy of the hippocampal CA1 pyramidal soma observed in 2-VO rats was normalized in 2-VO animals exposed to rehabilitation.
Physical exercise is known to improve both cardiovascular and brain health. 2 The possible mechanisms underlying improvements in brain health include the upregulation of growth factors such as brain-derived neurotrophic factor and its receptor TrkB, 34 increases in angiogenesis 35 and neurogenesis 36 as well as a reduction in oxidative damage. 23 Certainly, activation of some or all these processes may have contributed to the ameliorative effects of the PA/CA intervention observed in the current study.
Further, cognitive activity and learning have some of the same effects as exercise on the molecular mechanisms associated with brain health. 37 Indeed, it has been hypothesized that physical and cognitive activity may have synergistic roles in improving brain health and potentially ameliorating cognitive impairments and dementia. 6, 38 This hypothesis was confirmed in a previous study conducted in our laboratory. Young, naïve rats exposed to a combination of physical and cognitive activity displayed superior memory performance relative to rats exposed to either activity alone, independent of enrichment duration, explaining our rationale to combine both activities in the current study. 25 Thus, this theory has been extended and confirmed in the present study using a model of VasD.
Although this model of VasD has been well characterized, it is unclear whether the learning and memory deficits occur soon after carotid artery occlusion, 19 or are more progressive in nature and more closely mimic a time-dependent deterioration of function 20 as seen in humans with mild cognitive impairments. Unfortunately, it is difficult to dissect the onset of the functional deficits observed in the current study. An auditory version of the MWM was initially implemented to avoid potential confounding differences in visual abilities due to optic tract white matter injury sometimes reported with this model. 17, 19 Because animals did not acquire platform location in the auditory MWM paradigm in a spatially dependent manner, we implemented a more traditional paradigm using distal spatial cues during the subsequent sessions (i.e., post-surgery weeks 16 and 24). As a result, one cannot conclude that memory impairments observed at 16 weeks post surgery evolved over months and are not instead due to the immediate reduction in cerebral blood flow after 2-VO because animals failed to learn the platform location using the auditory cues during this version of the water maze. Although generalized white matter injury (specifically, optic tract) was not assessed, we believe that the observed memory deficits were not because of visual problems, because visible platform assessments conducted at the end of behavioral testing (24 weeks after 2-VO surgery) revealed similar latencies among conditions. As a result, differences in MWM latency and platform target quadrant time more likely reflect learning (acquisition) and memory (probe) differences. Although path length was not directly measured in this study, similar visible platform latencies also help exclude the possibility of confounding variables such as motivational differences among conditions and locomotor deficits or enhancements from surgical or rehabilitative interventions, respectively. As the 2-VO surgical procedure mainly affects the hippocampus, one would not expect an effect on motor ability. This conclusion is further supported by findings from others where increased MWM path length and no effect on swim speeds 19, 39 was found using this model of VasD, thus excluding locomotor deficits. 32 Additionally, we have previously shown that a similar model of physical and cognitive activity improved learning and memory abilities in a task independent of locomotor abilitiy. 25 The learning improvements observed at PSW 24 in our rehabilitation condition was interesting given that there were no statistical differences between sham and 2-VO animals in Experiment 1. One explanation for this discrepancy has a statistical basis. Our original experiment used multiple conditions and this likely decreased the statistical power to detect a difference among conditions, especially because our assessment of rehabilitation demonstrated striking differences between the two conditions. Calculation of the effect size for both analyses revealed a similar 'medium' effect size (o 2 ¼ 0.07 in Experiment 1; o 2 ¼ 0.12 in the rehabilitation study), thus indicating that indeed, given a larger sample size, statistical significance would likely be achieved at this time point. 40 In the current study, we observed no reduction in CA1 cell number as noted by several other laboratories 41, 42 (but see Farkas et al 17 ) . To our surprise, we detected a significant hypertrophy of CA1 pyramidal cells reflected by increases in cell area and volume in animals exposed to carotid artery occlusion. Interestingly, this hypertrophy was reversed (or possibly prevented) in animals exposed to our rehabilitation paradigm such that cell volumes were found to be comparable to sham animals. To the best of our knowledge, this represents a novel finding although an abnormal spatial arrangement of the CA1 cell layer has been reported using a slightly different model of chronic hypoperfusion. 18 In that study, hypoperfused animals appeared to lack the typical compact grouping of CA1 cell bodies, with numerous neurons located above or below the CA1 pyramidal layer. The authors also noted that there was variation in cell body size (although not quantified) that was most pronounced in CA1 with less obvious alterations in CA3 and no change in the dentate gyrus. In another long-term 2-VO study, 43 T-2-weighted imaging revealed evidence of edema; that is consistent with altered cell volume regulation. 44 Typically large alterations in cell volume area, if not corrected, result in activation of apoptotic pathways. 44 In contrast, subtle neuronal alterations found in the present study could result in significant neuronal dysfunction as a result of remodeling of the plasma membrane, dendritic modifications and altered ion channel function 45, 46 and manifest as selective behavioral deficits. In support of this notion, chronic hypoperfusion impairs both tetanic and calcium-induced long-term potentiation, a model of longterm memory formation. 47 It is noteworthy that a diet high in fats and refined sugars (HFS) did not exacerbate histopathological damage or behavioral impairments as previously reported in focal ischemia models. 10, 11 Although it is possible that a HFS diet does not have an effect on pathologic or behavioral injury in the present 2-VO model, other explanations for this lack of effect exist. For example, it has been (A) Animals exposed to 2-vessel occlusion (2-VO) plus the physical and cognitive activity (PA/CA) rehabilitation paradigm displayed significantly shorter latencies to locate the hidden platform during the acquisition trials indicating superior learning abilities compared with 2-VO animals that did not receive rehabilitation at PSW 16 (*Po0.01). (B) Rehabilitation also significantly improved memory performance at this time point in the probe trial where 2-VO þ PA/CA animals spent more time in the target quadrant than animals not exposed to rehabilitation (*Po0.01). (C) Similar effects were observed at PSW 24 (*Po0.01) where 2-VO þ PA/CA animals exhibited significantly lower latencies than 2-VO-alone animals to locate the hidden platform. (D) There were no differences in memory performance at PSW 24 as assessed in the probe trial.
demonstrated that ischemic damage is substantially increased when animals are exposed to an unhealthy diet for a prolonged period before the ischemic insult, early in life. 11 In the current study, we initiated exposure to the HFS diet after surgery when animals were 6 months old and thus potentially reducing the increased susceptibility of neuronal damage. Consequently, exposing animals to an unhealthy diet during a critical developmental period, early in life, when the central nervous system is still developing before insult may have more deleterious effects on VasD outcome.
In conclusion, dementia has profound effects at the individual, familial, and societal levels. There are relatively few treatments to delay or mitigate the memory impairments that accompany dementia and pharmacological strategies have not had a major impact in this area. 3 In the current study, we describe a paradigm of physical and cognitive activity that reduces memory impairments and normalizes altered hippocampal CA1 pyramidal cell structure in a model of VasD using older animals. Whether these findings support a 'use-it or lose-it' 6 or 'cognitive reserve' 48 hypothesis is difficult to ascertain. These data strongly support the need for further research to explore the merits of lifestyle alterations in improving cognitive outcome associated with dementia. Further, it is essential that future studies elucidate the underlying mechanisms associated with these memory improvements to optimize therapies to mitigate the cognitive dysfunction that increasingly threatens our aging population.
